near-surface environment. Also, many of the complicating effects found in the near-surface environment will 
boreholes at depths of Ͼ2, 5, and 200 m, respectively. Tensiometric data have a distinct advantage in that it is a direct measure of water potential, whereas the other F orecasting the transport of waterborne contamitwo methods are calibration-dependent, indirect meanants through the vadose zone requires estimates sures. Available techniques for in situ measurement of for liquid flux between the land surface and the water moisture content are not only calibration dependent, table. While there is an extensive body of literature but also physically difficult to install at depths beyond regarding the estimation of flux at shallow depths, the a few meters. deeper vadose zone has received much less attention.
Conventional tensiometers require a continuous waInstruments used for direct measurement of flux in the ter column that extends from the measurement point near-surface environment (0-2 m) include pan lysimeto the sensor location at or near the land surface. The ters (e.g., Jordan, 1968) , tension lysimeters (Byre et al., vaporization of water in the water column limits the 1999), and vadose zone flux meters (Wagenet, 1986;  depth of emplacement to about 8 m and has precluded Gee et al., 2002) . There are also Darcian approaches in the use of tensiometer data for Darcian estimates of which shallow measurements of moisture content or flux below that depth. This problem was recently overwater potential () are combined with laboratory develcome by development of the advanced tensiometer oped relations for the unsaturated hydraulic conductiv- (Hubbell and Sisson, 1998) , which has been successfully ity to estimate flux (Stephens and Knowlton, 1986) .
deployed to make direct measurements of water potenHowever, the utility of all such measurements is limited tial at depths up to 145 m. The advanced tensiometer has by the inherent spatial and temporal variability of flux two parts, a permanently installed porous cup assembly in the shallow vadose zone (Wagenet, 1986) .
with casing that extends to land surface and a removable At sites with thick vadose zones, flux estimates obelectronic pressure transducer assembly for installation tained at depth may be more representative of mass from land surface. Positioning the sensor close to the transfer to the water (van Genuchten, 1980) , and then estimate flux by applying that relationship to measured water potentials. We begin this paper by briefly describing the physiography, stratigraphy, and hydrology of the study site. Well locations and instrument installation are presented next. Data analysis begins with estimation of the unsaturated hydraulic properties from core samples. Then we use tensiometric data from a 30-mo period to argue for applicability of a Darcian approach at this site. Resulting estimates of flux vary across a range from 0.2 to 10 000 cm yr
Ϫ1
, with the latter value exceeding precipitation at this site by more that two orders of magnitude. We then discuss possible sources of error in our estimates, along clude with a short summary of key observations. through or perch on top of these interbeds. Given the relative
MATERIALS AND METHODS
homogeneity of the sedimentary interbeds, we expect point estimates of flux to be more representative than in the basalt
Site Overview
layers, where flow is likely to be episodic and highly localized. Data were collected at the Subsurface Disposal Area (SDA)
In addition to the subsurface complexity at this site, the of the Idaho National Engineering and Environmental Laboupper boundary condition, surface infiltration, is expected to ratory (INEEL). The SDA is situated in a local topographic vary in space and time. The study area receives about 22 cm depression on the Eastern Snake River Plain (ESRP) of southyr Ϫ1 of precipitation (Clawson et al., 1989) , with about onecentral Idaho (Fig. 1 ) and is part of the Radioactive Waste half of that amount occurring as snow from November to Management Complex (RWMC) at the INEEL. Trenches, February. Infiltration is believed to be concentrated in drainpits, and soil vaults sited within thin surficial sediments at the age channels and topographic lows that receive overland flow SDA have been used to dispose of approximately 2 ϫ 10 5 m 3 of snowmelt (Barraclough et al., 1976) . Runoff in the SDA is of low-level, mixed, and transuranic radioactive waste (DOE, routed primarily into an east-west drainage channel down the 1998). Beneath the shallow sediments, a thick sequence of center of the site (Fig. 3) , while flow from the surrounding fractured volcanic rock hosts the ESRP aquifer, which has area is diverted around the SDA and then eastward. Other been designated as a sole source aquifer by the Environmental local sources of recharge include the Big Lost River channel Protection Agency (Federal Register, 1991) .
(2 km to the north) and spreading areas (1.3 km to the west Stratigraphy at the SDA (Fig. 2) consists of thin (0-8 m and 1.1 km south) used to infiltrate floodwaters from the Big thick) fluvial and aeolian sediments resting on a thick sequence Lost River (Fig. 1) . Given the spatial and temporal variability (Ͼ0.8 km) of basalt flows (Hackett et al., 1986) . The basalt of infiltration, plus the potential for lateral diversion and foprofile is intercalated with thin (≈0-10 m thick) sedimentary cused flow within the intervening basalt layers, we expected interbeds deposited during quiescent periods of the basalt a range of flux and moisture contents within the sedimenemplacement. Of particular interest to this study are interbeds tary interbeds. located at depths of about 34 and 73 m bls. Following local convention, these are referred to as the 34-m and 73-m inWell Locations, Installation, and Data Collection terbeds. Based on limited subsurface data, the 34-m interbed appears to cover about 90% of the study area, while the 73-m Of the 19 vadose zone wells that have been installed in or interbed is believed to be contiguous. Both have textures simiaround the RWMC (see Hubbell, 2003a, 2003b) , lar to the surficial sediments. The continuity of these two 16 were completed near the tops of the 34-m or 73-m interbeds interbeds and their position between the SDA and the water (one was completed in both) and are thus relevant to this study. table at about 180 m bls make them natural targets for moniTen of those wells are inside the SDA, and the remaining six toring activities. Unless flow is extensively diverted within the are within 0.5 km of the perimeter (Fig. 3) . One well (76-5) was installed in 1995 (details in , while basalt layers, recharge to the ESRP aquifer must either pass the remainder (I and O prefixes) were installed during 1999 diam.). Where possible, 6.35-or 8.5-cm-diameter core samples were taken from the sedimentary interbeds using a wireline and 2000 (details in Dooley and Higgs, 2003) . All wells were drilled by air-rotary, using either a downhole hammer bit technique (Christensen Geobarrel, Salt Lake City, UT). All of the wells completed in the 73-m interbed were reamed to (25.1-cm diam.) or a wireline core barrel (9.63-or 12.26-cm 25.1 cm before installing the instruments. In the 34-m interbed,
the O-series wells and I5-30 were reamed to 25.1 cm.
In each well, an advanced tensiometer (Hubbell and Sisson, 1998) was installed in an approximately 1.5-m-thick backfill where adjustable fitting parameters ␣, m, l, and n are depenlayer spanning the contact between interbed materials and dent on pore structure (pore size distribution and connectivity) the overlying basalt. To assure hydraulic connection with the of the media. Further, we assumed that ␣ and m are related interbed materials, backfill consisted of either a silica-flour to moisture retention as described by Mualem (1976) ; n was slurry (I and O prefix wells) or dry native loam material (Well approximated as m ϭ 1 Ϫ 1/n, and the value of l was set to 76-5). The slurry backfill was chosen to speed equilibration 0.5 (e.g., van Genuchten et al., 1991) . The aforementioned (e.g., Sisson et al., 2000) . Granular bentonite layers were assumptions were implemented numerically using the model placed above and below the backfill to isolate the monitoring RETC (van Genuchten et al., 1991) , with the further constraint intervals and seal the remainder of the borehole. Tensiometric that the estimated parameter s (saturated water content) must data were collected at 1-or 4-h intervals using Ϯ800 cm water be consistent with the observed textural classifications as depressure (differential) transducers with an accuracy of Ϯ3 fined in the RETC model. After initial trials, water retention cm (Electronic Engineering Innovations, Las Cruces, NM) data at Ϫ10 000 cm was noted to place an undue control on connected to a data logger (CR23, 21X, or 510X, Campbell model outcome. As all of the in situ tension measurements Scientific, Inc., Logan, UT). Suction lysimeters installed approximately 0.3 m above the tensiometers were sampled at irregular intervals (I and O prefix wells only).
Estimation of Hydraulic Properties
Arbitrarily selected segments from the cored interbed sediments were used to estimate hydraulic properties at the tensiometer locations. Transparent sampling tubes allowed on-site examination of the core to identify segments exhibiting both minimal disturbance and materials representative of those found at the tensiometer location (i.e., top of the interbed). The selected segments were then cut from the sample tube, sealed, and transported for analysis. Bulk density, effective porosity, and saturated hydraulic conductivity (K s ) were measured on the intact core (Klute, 1986a) . Portions of each sample were disaggregated, and the Ͻ2-mm fraction classified on the basis of texture (Table 1, Fig. 4) . The Ͻ2-mm fraction of the disaggregated sample was subdivided and repacked for measurement of moisture retention at arbitrarily chosen pressures of approximately Ϫ200, Ϫ400, Ϫ600, Ϫ800, Ϫ1000, and Ϫ10 000 cm of water (ASTM, 1994; Klute, 1986b) .
Laboratory measurements and soil textural classifications were used to estimate the unsaturated hydraulic conductivity, the basalt. They concluded that the correlation between measured water potential and elevation of the measurefell between Ϫ21 and Ϫ388 cm, we discarded the Ϫ10 000 cm ment suggested a unit hydraulic gradient in the upper data and used water retention measurements from Ϫ200 to 73 m of the unsaturated zone. More detailed vertical Ϫ1000 cm to estimate the van Genuchten parameters (Table   measurements of Hubbell, 2003a, Given that most of our tensiometric data indicated 2003b). Measurements ranged between Ϫ21 and Ϫ388 gravity-dominated flow under near steady-state condicm of water (Fig. 3, Table 2 ), with most locations showtions, we employed the Darcian approach to estimate ing little variability. Note that some of the apparent unsaturated flux. In the absence of water potential gravariability seen in Fig. 3 may be attributed to measuredients, flow through homogeneous unsaturated media ment artifacts. The numerous downward spikes in the is driven solely by gravity, and the Richards equation data coincide with sampling from nearby suction lysimereduces to ters, while the exponential declines in water potential at early time (Wells 05-32 and I5-30) are believed to j ϭ K() [2] result from equilibration of the backfill to ambient conwhere j represents the downwards flux, and K() is ditions. Data from the other wells were collected after the unsaturated hydraulic conductivity at a given water equilibration. A final artifact occurs when a tensiometer content (e.g., Charbeneau, 2000) . Therefore, for unit slowly loses water and must be refilled. For this condigradient conditions, knowledge of and K() is suffition, the data show a gentle increase in water potential cient to determine flux. Lacking data on and K(), followed by a sharp decline (Wells O2-33 and I3-70).
Estimated Flux

(further details in McElroy and
we combine tensiometric data with the K() relations All of the tensiometers are refilled on an irregular basis.
from Table 1 to estimate flux at the minimum, maxiIgnoring the measurement artifacts, and with minor mum, and mean water potentials recorded during the exception, water potential data taken from the 34-m and 30-mo data collection period (Fig. 5 ). 73-m interbeds were either stable or gradually trending Although water potential values varied by about an toward a stable condition. Water potentials in the 34-m order of magnitude across the site, flux estimates ranged interbed were near steady at five locations; three locations suggested gradual drying, and three wetting (Table  across five orders of magnitude (Fig. 5) . With respect to next pair (I2-29 and I2-68). Continuing eastwards (I3-28 and I3-70), the situation reversed, as estimated flux in the 73-m interbed was about 2.5 orders of magnitude larger than in the 34-m interbed, and reversed again for the most eastern pair (I4-30 and I4-69), where estimated flux in the 34-m interbed was about five orders of magnitude larger than in the 73-m interbed. Given that these pairs of wells are associated with a drainage channel that flows from west to east, we could be observing the results of locally focused flow. However, the degree of variability and magnitude in estimated flux seems extreme, especially considering the apparent lack of lateral migration (perched water) along the tops of the interbeds. We do note that data from other wells indi- (Fig. 2) . properties developed by Magnuson and McElroy (1993) for the 34-m interbed. Flux predicted using the generic the 34-m interbed, flux estimates for the 73-m interbed properties fell into the middle of the data set, but was showed a smaller range, and were generally less sensitive much more sensitive to than most of the other data to small changes in . Both observations are consistent points. In general, the K() relations developed for this with the generally finer grained sediments (Fig. 4) and investigation led to flux estimates (Fig. 5 ) substantially lower water potentials (Table 2) in the 73-m interbed. different than if the generic relations (34-m and 73-m For the 34-m interbed, flux estimates were significantly interbeds) were utilized. Most of our data points plotted higher within the SDA than outside (Table 3 ). Conabove the generic curves, but the two wettest measureversely, flux estimates in the 73-m interbed were higher ments plotted substantially below the generic curves outside of the SDA than within; however, this is based (Fig. 5a ). For these two wet points, use of the generic on a limited sample size.
properties would lead to a three-to four-order of magniClosely spaced pairs of wells along the centerline of tude increase in estimated flux. At the dry end of our the SDA (Fig. 2 and 3) provide the opportunity to comdata, use of the generic curves would lead to a decline pare vertical flux estimates between the two interbeds.
in estimated flux of about two orders of magnitude. For the westernmost pair of wells (I1-31 and I1-69),
The sensitivity of the K() relationship is illustrated estimated flux decreased by a factor of about 2 from by comparing temporal changes in estimated flux at the shallower interbed to the deeper one (Table 1) . The Wells O4-33, 04-69, and I1-69 (Fig. 6) . The water potential at O4-33 varied over about 130 cm, indicative of an difference became almost an order of magnitude for the apparent wetting event in September 2000, followed by 0.2 to 10 000 cm yr
Ϫ1
. The latter value is about 500 drainage (Fig. 6a) . The estimated flux rate varied by times the local precipitation (≈22 cm yr Ϫ1 ), which raises nearly three orders of magnitude, with about 70% of concerns about the accuracy of our estimates. However, the flow during the initial 5 mo. The Well O4-69 tensiowe cannot arbitrarily dismiss flux estimates that exceed metric reading steadily increased from Ϫ360 to about precipitation. The data points were preferentially lo-Ϫ300 cm, with flux increasing by a factor of two. Figure  cated along drainage features that periodically receive 6b shows data from I1-69, where the water potential significant quantities of snowmelt; thus, recharge may and calculated flux suggest several wetting events. The be focused, even at depth. Also, it has been suggested water potential varied 100 cm from Ϫ375 to Ϫ275 cm (Hubbell, 1990; Nimmo et al., 2002) that water infilwith the calculated flux rate change of a factor of two.
trated at spreading areas to the south and west (Fig. 1 ) Recognizing that our assumption of a unit hydraulic may migrate laterally toward the SDA in perched zones gradient is least tenable for a dynamic , the apparent within the basalt sequence that separates the 34-m and sensitivity of estimated flux to small changes in sug-73-m interbeds. However, there were no releases to gests that long-term water potential data are a sensitive the spreading areas during our monitoring period that indicator of hydrologic changes in the deep vadose zone.
would provide data relevant to that supposition. Since the conceptual model of the site cannot be used to
DISCUSSION
eliminate the possibility of locally enhanced recharge at depth, the potential sources of uncertainty within our Application of the Darcian approach to our data leads to vertical flux estimates that range from approximately flux estimates must be examined.
To consider the uncertainty associated with our flux ditions would improve our estimate. Finally, where possible, one might also obtain one or more laboratory estimates, we look at the validity of our primary assumptions, which are accurate measurements of water potenmeasurements of K() at values of close to that expected in the field. While doing so is much more difficult tial, steady one-dimensional flow, and a well understood relationship for K(). Provided that the backfill is at than measuring moisture retention, even a single data point would help to constrain the estimate for K(). equilibrium with the surrounding sediments and neglecting barometric induced fluctuations, the tensiometric data should be accurate to within instrument error CONCLUSIONS (Ϯ3 cm). Effects of this uncertainty on predicted flux will vary with the K() relationship, but will be much A Darcian approach was used to estimate flux in a less than an order of magnitude, except possibly under thick vadose zone that underlies a waste disposal facility much wetter conditions than those encountered here.
in south-central Idaho. Given a complex geology of inLikewise, the small temporal changes in suggest that tercalated basalt flows, two laterally extensive sedimenuncertainty associated with the assumption of a unit tary interbeds were targeted for monitoring. Wells were hydraulic gradient will also be much less than an order drilled to collect sediment core and install advanced of magnitude. Conversely, there may be substantial untensiometers at the 34-m and 73-m interbeds. Laboracertainty in the K() relationship.
tory-measured hydraulic properties on the core samples To estimate K(), we measured K s , effective porosity, were used to estimate the unsaturated hydraulic conducand moisture retention (Ϫ200, Ϫ400, Ϫ600, Ϫ800, and tivity as a function of water potential. Tensiometric data Ϫ1000 cm of water). Even if our samples were truly collected during a 30-mo period were considerably more undisturbed (highly unlikely) and representative (somestable than expected for the near surface environment, what likely), we must still contend with the fact that we suggesting that a Darcian approach would be approdid not directly measure K() under in situ conditions, priate. Seven of the 17 sites showed nearly steady readnor did we consider the effects of hysteresis. Although ings for the 30-mo time period. Four sites showed an our only physical measurement of K() was at saturaincreasing water potential trend, while six sites showed tion, we extrapolated to estimate values of K() that a downward trend; with one exception, all of the trends are one to six orders of magnitude less than K s . Morewere gradual and smooth. Assuming steady flow (unit over, that extrapolation was based on water retention gradient), we then estimated flux on the basis of in situ measurements taken on a disturbed sample. The range water potential measurements. Flux estimates ranged of moisture retention measurements do not provide subfrom 0.2 to about 10 000 cm yr Ϫ1 at a site with 22 cm stantial information in the wet range, where the K() yr Ϫ1 precipitation. relation will be particularly sensitive to small changes in Although preferential recharge and lateral migration . As an example of the potential for error in estimating of perched water could act to locally enhance flux at K(), we look at Well I4-30, which produced our highest this site, the high degree of uncertainty associated with flux estimate (6690-10 000 cm yr Ϫ1 ). The sample taken mapping water potential to the unsaturated hydraulic from this location led to an estimate for the van Genuchconductivity limits our ability to reach such conclusions ten ␣ of 0.0041 cm Ϫ1 (Table 1) , which is substantially from this data. Small changes in the fitting parameters lower than those of other samples from the 34-m incan induce order-of-magnitude changes in the flux estiterbed, particularly given the textural description of mates, particularly at near-zero water potentials. This loamy gravel. If one were to raise that value of ␣ by an sensitivity suggests a need for improved techniques to order of magnitude to more closely reflect the other assess flux over the range of applicable field conditions. samples, the estimated flux would drop by two orders Despite the uncertainty in the K() relationship, longof magnitude.
term water potential data appear to be a sensitive indicaThe sensitivity of our flux estimates to the K() relator of hydrologic changes in the deep vadose zone, and tion suggests several areas where estimates could be thus are important for understanding the temporal dyimproved, and areas for further research. It would be namics of flow. best to avoid the need to estimate flux from water potential measurements, and instead directly measure flux in to the exclusion of other products that may also be suitable. We would also like to thank the two anonymous reviewers water potentials that closely reflects expected field con- 
